Abstract. Cocaine and amphetamine-regulated transcript (CART) is a neuropeptide that can protect brains against ischemic injury. The aim of the present study was to investigate the effects of the CART within ischemic stroke and it possible mechanism. The expression levels of dopamine (DA) and CART in ischemic brain tissues of mice were measured following middle cerebral artery occlusion (MCAO). After receiving the treatment of DA and CART, the infarct volume of brain was measured in mice with MCAO. In addition, the function and potential mechanism of CART in ischemic stroke were further investigated. DA and CART expression was significantly decreased in mice with MCAO compared with normal control mice. Treatment of mice with MCAO with exogenous CART significantly decreased the extent of brain injury compared with untreated mice with MCAO.
Introduction
Cocaine-and amphetamine-regulated transcript (CART) is a neuropeptide that is widely expressed in normal brain tissue and is involved in a variety of physiological processes (1) (2) (3) . Previous studies have indicated that CART serves a neuroprotective role in rat models of middle cerebral artery occlusion (MCAO) and in cultured primary cortical neurons (4) (5) (6) . CART treatment can promote the differentiation of neural progenitor cells and the migration of cells toward the ischemic cortex in rat models of MCAO (7) . Dopamine (DA) is crucial for most brain functions during brain development, and is important in the regulation of physiological processes, such as motor learning and motor control (8, 9) . Reduced dopamine levels have been frequently recorded in patients with Parkinson's disease (PD) and ischemic stroke (10, 11) . Studies using rat models suggested that a reduced dopamine level results from the leakage from the striatum into extracellular tissues during the acute phase of cerebral ischemia (12) (13) (14) , whereas levodopa treatment can improve functional rehabilitation after stroke by increasing local dopamine levels (15) . Meanwhile, dopamine treatment is beneficial for the rehabilitation in patients with stroke (16) (17) (18) .
However, it is unknown whether the role of CART correlates with DA during the process of neuronal recovery or repair following neuronal injury. Furthermore, the molecular mechanism of CART in aiding neuronal recovery and repair following this injury remains elusive. In the present work, a potential association between CART and DA in ischemic stroke was investigated, as well as elucidation of the potential function and molecular mechanism of CART. Oxygen-glucose deprivation (OGD) and cell viability detection. To obtain the OGD conditions, primary mouse cortical neurons were cultured with DMEM without glucose under at 37˚C in a 95%N 2 with 5% CO 2 incubator. Following 6 h incubation, OGD was terminated and primary mouse cortical neurons were cultured with fresh DMEM supplemented with 12% FBS at 37˚C under 95% N 2 with 5% CO 2 .
Materials and methods

Animals and ischemic models.
Following another 6 h of OGD incubation, cortical neurons were treated with different doses of exogenous CART and DA (0, 0.2, 2 and 20 mg respectively), and cell viability was evaluated by MTT assay. Briefly, neurons in each group were treated with MTT (0.5 mg/ml, Sigma-Aldrich; Merck KGaA) for 4 h at 37˚C and incubated with 100 µl dimethyl sulfoxide for 10 min. The absorbance was measured at 570 nm.
Flow cytometry for cell apoptosis. Cortical neurons, OGD treated cortical neurons, CART treated cortical neurons, CART-and OGD-co-treated cortical neurons (2x10 6 ) were digested with 0.25% trypsin and washed twice with PBS. Cells were then collected and incubated with 100 µl propidium iodide and 300 µl Annexin V-fluorescein isothiocyanate staining solution (Sigma-Aldrich; Merck-Millipore) for 15 min in the dark. Cell apoptosis was examined using flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
All procedures were performed using the manufacturer's instructions. Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The concentration of total RNA was measured by the UV absorption method and reverse transcribed into cDNA by using PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). qPCR was performed at least three times using an ABI 7500 instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermal cycling conditions of qPCR were as follows: Pre-denaturing at 95˚C for 30 sec, PCR reaction 40 cycles at 95˚C for 5 sec and at 60˚C for 34 sec. The primer sequences were as follows: Caspase-1 forward, 5'-GAC CGA GTG GTT CCC TCA AG-3' and reverse, 5'-GAC GTG TAC GAG TGG GTG TT-3'; caspase-3 forward, 5'-TGT GGC ATT GAG ACA GAC-3' and reverse, 5'-CAC TTG CCA TAC AAA CTA-3'; nucleotide-binding oligomerization domain-containing protein (NOD)1 forward, 5'-TCA GCA ATG AAA GGC GGG AT-3' and reverse, 5'-TCC GAA TGT TGG TGA CCA GG-3'; NOD2 forward, 5'-GTG TCA GCT CAG TCT CGC TT-3' and reverse, 5'-GTC CGC AGC TCT AAG GTG TT-3'; chemokine (C-C motif) ligand 2 (CCL2) forward, 5'-TAG CAT CCA CGT GCT GTC TC-3' and reverse, 5'-CAG CCG ACT CAT TGG GAT CA-3'; interleukin-1β (IL-1β) forward, 5'-TGG GAA GCT TCA GCT GTC TG-3' and reverse, 5'-GTT GGG CTG GCA TCT GGT AT-3'; tumor necrosis factor-α (TNF-α) forward, 5'-TTC TCA TTC CTG CTC GTG G-3' and reverse, 5'-TTT GGT GGT TCG CCT CCT-3'. β-actin forward, 5'-CCT CGC CTT TGC CGA TCC-3' and reverse, 5'-GGA TCT TCA TGA GGT AGT CAG TC-3'. Housekeeping gene β-actin was used as an internal reference to normalize the results. The 2 -ΔΔCq method was performed to calculate the relative expression (20) .
Western blot analysis. Total protein was extracted using a lysis buffer (cat. no. PI87787; Thermo Fisher Scientific, Inc.) and quantified by the bicinchoninic acid method. Cell lysates (30 µg) were separated using 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were blocked using blocking buffer (PBS, 0.1% Tween-20 and 5% nonfat dry milk) for 2 h at room temperature. Then, the membranes were incubated with primary antibodies against caspase-1 (cat. no. sc-398715; dilution, 1:500), caspase-3 (cat. no. sc-7148; dilution, 1:500), Bcl-2 (cat. no. sc-7382; dilution, 1:500), Bax (cat. no. sc-6236; dilution, 1:500), IL-1β (cat. no. sc-12742; dilution, 1:500), TNF-α (cat. no. sc-4890, dilution, 1:500) and GAPDH (cat. no. sc-20356; dilution, 1:1,000), at 4˚C overnight. All primary antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All membranes were washed with PBST and incubated with second antibody at room temperature for 1 h, including Goat anti-Rat (cat. no. ab7010; 1:500; Abcam), Donkey anti-Rabbit (cat. no. ab98489; 1:600; Abcam), Goat Anti-Mouse (cat. no. ab7067; 1:600; Abcam). The signal was detected by enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.).
Statistical analysis. Statistical analysis was performed using SPSS software (version, 19.0; IBM SPSS, Armonk, NY, USA). All data are presented as the mean ± standard error of the mean. Differences between two groups were tested by the unpaired Student's t-test and difference among three or four groups were assessed using one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
Dopamine reduces brain injury in mice following MCAO.
To investigate the relationship between DA and brain injury, a mouse model of MCAO was utilized. The results revealed that the level of DA following MCAO was significantly decreased compared with the control (Sham) group (P=0.023; Fig. 1A ). It was noticeable that levodopa treatment following MCAO could reverse the change with a significant increase in DA (P=0.016; Fig. 1A ). To investigate whether DA could reduce brain injury following MCAO, mice were treated with 0, 0.2, 2 and 20 mg of DA for 12 days after MCAO. As presented in Fig. 1B , DA evidently reduced the infarct volume of MCAO mice in a dose-dependent manner, suggesting that DA could reduce brain injury.
CART reduces brain injury in mice following MCAO. It has previously been reported that CART is neuroprotective in rat models of MCAO (4-6). To confirm the observation, endogenous CART expression was measured in mice following MCAO. As expected, CART expression was significantly reduced following MCAO induction compared control mice (P=0.010; Fig. 2A) . MCAO mice were then treated with 20 mg/kg exogenous CART for 12 days following MCAO, which resulted in significantly reduced infarct volume compared with the MCAO untreated group (P=0.018; Fig. 2B ). These results were consistent with the observation caused by DA treatment, suggesting that CART may be associated with DA may be cooperative in protecting against brain injury following ischemic stroke.
To investigate whether the role of CART in protecting the brain injury was associated with cell inflammation, the levels of inflammatory factors including NOD1, NOD2, CCL2 and IL-1β were detected, along with the expression of relevant apoptotic factors, including caspase-1, caspase-3, Bcl-2 and Bax. As indicated in Fig. 2C , the mRNA expression levels of NOD1, NOD2 and CCL2 were elevated following MCAO, as measured by RT-qPCR. However, CART treatment decreased the mRNA expression levels of NOD1, NOD2 and CCL2, as well as inhibiting the expression of caspase-1 and IL-1β when compared with controls (Fig. 2D) . In addition, western blot analysis indicated that compared with controls, protein expression levels of caspase-1, IL-1β and caspase-3 were elevated in brain tissues following MCAO, and that CART treatment reversed the effect (Fig. 2E) .
CART levels are associated with DA, and CART promotes increased survival and reduced apoptosis in OGD neurons ex vivo. The viability of ex vivo neurons following OGD and treatment with exogenous DA was evaluated by MTT assay. As demonstrated in Fig. 3A , the survival rate of neurons was significantly decreased following OGD when compared with normal controls (P= 0.021). No significant increase in viability of OGD neurons was observed following treatment with exogenous DA, compared with untreated OGD cells (Fig. 3A) . However, increasing exogenous DA concentrations did result in higher levels of CART mRNA expression (Fig. 3B) . Compared with treatment with 1 ng/ml of exogenous DA, higher concentrations (3 and 10 ng/ml) resulted in higher levels of CART mRNA expression, although the levels of CART mRNA expression in neurons remained lower than those without OGD even with 10 ng/ml DA (P=0.031; Fig. 3B ). When OGD neurons were treated with 1, 5 and 10 ng/ml of exogenous CART, cell viability was significantly elevated, in a dose-dependent manner, compared with OGD neurons without CART treatment (P=0.027; Fig. 3C ). Thus, these data indicated that CART was associated with DA and promoted the survival of neurons. In addition, cell apoptosis was measured by flow cytometry. As indicated in Fig. 4 , the apoptosis rate of neurons was significantly increased following OGD compared with the controls (P=0.001). However, cell apoptosis was significantly reduced in OGD neurons following treatment with exogenous CART when compared with OGD treated neurons (P=0.012; Fig. 4B ). P<0.01 vs. normal untreated control. NC, negative control; OGD, oxygen-glucose deprivation; CART, cocaine-and amphetamine-regulated transcript; NOD, nucleotide-binding oligomerization domain-containing protein; CCL2, chemokine (C-C motif) ligand 2; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; Bcl-2, B-cell lymphoma 2 apoptosis regulator; Bax, Bcl-2 associated protein X apoptosis regulator. CART inhibits the expression of inflammatory cytokines and apoptotic proteins in ex vivo OGD neurons. To investigate the potential mechanism of CART protection against OGD, the mRNA and protein expression levels of inflammatory cytokines and apoptotic proteins were evaluated in neurons by RT-qPCR and western blot analysis, respectively. The mRNA expression levels of NOD1, NOD2, CCL2, caspase-1, caspase-3, IL-1β and TNF-α were significantly elevated in OGD neurons compared with control, while their levels were decreased in OGD neurons following treatment with exogenous CART compared with untreated OGD neurons (Fig. 5A) . In addition, the protein expression levels of caspase-1, IL-1β, Bcl-2 and TNF-α were also elevated following OGD compared with normal neurons, but the expression of Bax was decreased (Fig. 5B) . However, CART treatment reversed the effect (Fig. 5B) .
Discussion
CART is prevalent within the hypothalamus, midbrain and thalamus, but is rarely observed in the hindbrain, hippocampus, ventral striatum and cerebral cortex (1) . CART is involved in various physiological functions and serves key roles in nervous system conditions, such as brain injury, epilepsy and dementia (21, 22) . DA is crucial for most brain functions during its development and is involved within nervous system diseases such as PD and ischemic stroke (10) (11) (12) . However, whether CART cooperates with DA to play a cooperative role in brain injury remains elusive.
In order to investigate the relationship between CART and DA, their expression in a MCAO brain injury model was examined. The level of DA was markedly decreased following MCAO when compared with the control groups, while levodopa treatment reversed the change with a significant increase of DA. This suggests that DA is involved in the progression of brain injury. Meanwhile, it was identified that CART expression was reduced in brain tissues following MCAO, but that treatment with exogenous CART following MCAO significantly decreased the extent of brain injury compared. In order to investigate whether the role of CART in protecting against brain injury was associated with cell inflammation, the levels of inflammatory factors including NOD1, NOD2, CCL2 and IL-1β were measured in brain tissues, as well as the expression of apoptotic factors, caspase-1, caspase-3, Bcl-2 and Bax. Inflammatory factors were found to be activated and cell apoptosis increased in mice with MCAO, while treatment with exogenous CART reversed the effect. These results indicated that CART may be protective against brain injury, through regulation of inflammatory factors. Also, Chang et al (23) reported that CART treatment blocks the increase of cytokine expression induced by brain injury in experimental stroke. However, Xu et al (19) reported that CART played a neurodegenerative role in estrogen-mediated neuroprotection by activating the ERK/MAPK pathway.
Previous studies have reported that the mitochondrial respiratory chain was activated following ischemic stroke, resulting in increased lipid peroxidation and the injury of mitochondrial DNA by enhanced production of intracellular reactive oxygen species (24, 25) . Therefore, the oxidative stress injury following ischemia would be reduced if the overproduction of reactive oxygen species was inhibited. In the present study, the survival rate of neurons following OGD was significantly reduced compared with normal neurons. CART treatment promoted the survival of neurons following OGD, while exogenous DA induced CART mRNA expression in a dose-dependent manner, which suggested an association between CART and DA. In addition, the apoptosis rate was markedly increased in OGD neurons compared with normal neurons, but this effect was significantly inhibited by treatment with exogenous CART. The potential mechanism of the effect of CART was linked to inflammatory cytokines, such as NOD1, NOD2, CCL2, IL-1β and TNF-α, and related apoptotic proteins such as caspase-1. These data further validate that CART may be protective during ischemic stroke by regulation of inflammatory cytokines and apoptotic proteins. It may provide a promising method to treat ischemic stroke patients.
